Abstract The present work deals with the change in surface properties of polyethylene (PE) film using DC low pressure glow discharge air plasma and makes it useful for technical applications. The change in hydrophilicity of the modified PE film surface was investigated by measuring contact angle and surface energy as a function of exposure time. Changes in the morphological and chemical composition of PE films were analyzed by atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS). The improvement in adhesion was studied by measuring T-peel and lap-shear strength. The results show that the wettability and surface energy of the PE film has been improved due to the introduction of oxygen-containing polar groups and an increase in surface roughness. The XPS result clearly shows the increase in concentration of oxygen content and the formation of polar groups on the polymer surface. The AFM observation on PE film shows that the roughness of the surface increased due to plasma treatment. The above morphological and chemical changes enhanced the adhesive properties of the PE film surfaces, which was confirmed by T-peel and lap-shear tests.
Introduction
In the polymer world, polyethylene (PE) has diverse applications because of its abundant supply, good chemical resistance, and low cost. It is widely used in packaging applications directly or in the form of laminate with aluminum foil, paper, etc. However, good adhesion between the two substrates is vital for high strength laminates. Generally the presence of polar groups and surface topography play a very important role in obtaining good adhesion and hence good mechanical properties of laminates. PE has limitations to its adhesion properties because of its nonpolar nature and is also difficult to print or paint [1, 2] . Various attempts have been made to improve the adhesion property of PE, e.g., flame treatment [3] , corona treatment [4] , plasma treatment [5, 6] and chemical etching [7] . In these directions, plasma processing presents some major advantages: i.e., it is a dry, clean, and very fast process, having a very low specific consumption of chemicals and energy, while it affects only the surface and not the bulk material. A low-pressure plasma comprises a complex mixture of particles (ground-state and excited neutrals and ions, molecule and fragments and electrons) and a broad spectrum of electromagnetic radiation [8, 9] . The interaction of all these components with the polymer surface gives rise to multifarious reactions, resulting in a wide variety of different chemical structures in a shallow surface layer. Cold plasma is a new technology which can be used to modify the surface properties of macromolecular materials to meet certain requirements, e.g., adhesion, printing ability of polymer film, dyeing ability, hydrophilicity and biocompatibility. Low pressure discharges of inert and reactive gases have been proposed for this purpose. It is possible to generate a glow discharge plasma by either direct or RF current. DC glow discharge plasma has significant advantages over the RF plasma used in polymer surface modification since it is more convenient, economic, and efficient for polymeric material processing [10] .Therefore, in the present work, PE films were treated in DC discharge. We have chosen air as a precursor because it is cheaper and easy to work with. Recently, research on glow discharge plasma treatment has grown in interest since it is environmentally efficient. Moreover, it is a dry treatment method, which is better suited to industrial applications. In the present investigation the surface of PE film was modified in air plasma with the aim of improving its surface energy and adhesion. The samples were characterized using various methods such as X-ray photo electron spectroscopy (XPS) for chemical analysis, atomic force microscopy (AFM), and contact angle to find out the surface energy of plasma-processed PE films. The adhesion of PE film before and after treatment was investigated by T-peel and the lap -shear test method.
Experimental setup and methodology
Low-pressure glow discharge plasma was generated in a plasma chamber made of steel (SS304) of 50 cm in length and 30 cm in internal diameter (Fig. 1) . The chamber is closed at both ends by disc type stainless steel flanges. On the cylindrical surface of the chamber, copper tubes were brazed and folded lengthwise for water cooling. There were five ports, one for sample holder and one for Langmuir probe on the cylindrical surface, three ports on the flanges for lead through, electrical connection and gauges, and a pumping system. Two aluminum electrodes were fixed inside the chamber; both of them were 10 cm in diameter and 0.2 cm thick. They were fixed with their surfaces parallel to each other and separated by a distance of 3 cm and perpendicular to the cylindrical axis. The electrodes had provision for water cooling. The discharge plasma was produced using a dc high tension power supply of 1500 V and 1A. A 13×13 cm square shaped sample holder was employed in this chamber, which was made of stainless steel. The square shaped holder was riveted against a stainless steel rod fixed between the electrodes.
The low pressure inside the plasma chamber was achieved using a rotary vacuum pump (Hind High VAC: ED30). The gas required inside the plasma chamber was adjusted using a fine control gas needle valve (gas admittance valve). Low pressures of the order of 10 −3 millibar inside the vacuum chamber were measured using a digital pirani gauge, which has its own controller displaying the pressure in units of millibar.
The discharge plasma chamber was initally cleaned by acetone. Air was used as the plasma gas. The chamber was made leak proof. The electrode position was adjusted. The polymer sample was inserted through the sample holder into the chamber with its surface perpendicular to the axis and between the disc electrodes. Initially, the chamber was evacuated to a presuure of 10 −3 mbar using the pumping system. Air was admitted through a fine control needle valve and the required pressure was maintained using the pumping system. The pressure was measured by pirani gauge. Electric potential was applied across the electrodes and adjusted to obtain a stable glow discharge plasma (Fig. 2) . The sample was exposed to the plasma for different treatment times. The typical operating parmeters are shown in Table 1 . After plasma treatment, the weight of the sample was determined using a microbalance with accuracy of 10 −5 g (Mettler, model: AE 240). During exposure, the plasma particles etch the surface of the polymer films. The weight loss due to plasma etching is given by [11] :
where W ut and W pt are the weight of the film before and after plasma treatment, respectively. 
Contact angle and surface energy analysis:
The contact angle was measured by using the sessile drop method. A 5 µL drop of distilled water was placed on the surface with a micro syringe and observed through a microscope. The height (h) and radius (r) of the spherical segment were measured and the angle was calculated by using the following equation [12] .
Contact angle(θ) = sin
Ten readings were taken at different places on the sample surface and an average was determined. The error in the measurement of contact angle was found to be ±2 o . Similarly, the contact angle measurements were carried out with respect to glycerol. The values of the polar and dispersive components of the testing liquids are given in Table 2 [13] . The polar and dispersive components of the surface energy of the polymer film surface were calculated using the Fowkes approximation [14] .
where, θ is the contact angle of testing liquids. γ l is the liquid surface tension. γ 
Chemical and morphological analysis
The change in the chemical composition on the PE film surface and chemical binding state was examined using X-ray photoelectron spectroscopy (XPS) (Shimadzu SSX-100 electron spectrometer). The spectrometer was equipped with a monochromatic Al Kα source (hν=1486.6 eV, natural line width=0.85 eV), hemispherical analyzer, and a multichannel detector. The photoelectron take off angle was 45 o with reference to the sample surface, and the operating pressure was maintained between 2×10 −10 mbar to 7×10 −10 mbar. The concentration of each chemical component with C1s was calculated by using the Gaussian-Lorentzian fit using XPSPEAK41 software. Surface morphology of the PE film was analyzed using atomic force microscopy (AFM). A Nanoscope III manufactured by Digital Instruments was used for this purpose. The AFM was operated in contact mode using a silicon cantilever tip.
Adhesion analysis
To study the effect of plasma treatment on adhesion, a standard T-peel test was carried out using a Lloyd instrument (Model LR-10K Plus) at a rate of 100 mm/ min at room temperature. For the abovementioned study 2.5 cm of Scotch tape was stuck over a length of 4.0 cm of the sample polymer film. Care was taken to see that there were no air gaps or wrinkles and it was kept under a pressure of 1.0 kg for 10 min. The T-Peel test was carried out after fixing one end (sample) in one jaw and the Scotch tape end with a piece of paper adhered to it in another jaw. T-peel strengths are reported as force of the peel per centimeter of sample width. For every treatment, three samples were prepared for T-peel strength measurement and the mean value was taken. Similarly, lap-shear strength was carried out by using a standard (ASTM D 1002) method. The area of the lap-shear joint was 10 cm 2 . The strength of the lap-shear joint was evaluated in a unit of N/cm 2 .
3 Results and discussion 3.1 Hydrophilic analysis: contact angle and surface energy results o for glycerol, which was achieved after 10 min of plasma treatment. However, the contact angle value does not continue to decrease significantly with further increase in the exposure time; rather it appears to saturate. The decrease in contact angle of PE films may be attributed to strong surface oxidation, which forms the oxygen-containing polar functional groups [9, 10] . Fig.3 Variation of contact angle of PE films as a function of exposure time
The surface energy components of the plasmatreated PE films are illustrated in Fig. 4 . It is seen that the surface energy of the PE film significantly increases with the time of exposure; it reaches a maximum at 10 min, but does not change significantly after a longer exposure time. Surface energy is a characteristic factor that affects the surface properties and interfacial interactions such as adsorption, wetting, and adhesion. A similar effect has been observed in the polar component of the surface energy of PE film surfaces. However, the dispersion components are almost constant prior to and after the plasma treatment. Properties such as wettability, adhesion, printability, etc. strongly depend upon the surface energy. 
Work of adhesion and polarity
The adhesion work (W adh ), a quantity related to the surface wettability, was calculated using the formula [15] W adh = γ l (1 + cosθ).
Work of adhesion was calculated from the contact angle with reference to water using Eq. (5) and is depicted in Fig. 5 . It was seen that the work of adhesion of the plasma treated PE film increased significantly for a shorter exposure time. The value of W adh of the PE films did not changed remarkably after a 10 min exposure time. The strong increase in work of adhesion on the treated surfaces suggests that new functional groups are introduced onto the surface. The surface polarity (P ) of the plasma-treated PE films were estimated by the following formula [16] 
where γ s (mJ/m 2 ) is the total surface energy of the polymer film, and γ
2 ) are the polar and dispersion components of the surface energy of the polymer film. Fig. 5 shows the polarity (P ) of the plasmatreated and untreated PE films. It can be seen that the polarity (P ) of the plasma-modified PE films increases with increasing treatment time. The significant increase of polarity due to plasma treatment suggests that new functional groups have been formed on the PE film surfaces 3.3 Etching and weight loss study Fig. 6 shows the weight loss (%) of the polyethylene film as a function of the exposure time to air plasma. It can be observed that the weight loss (%) of PE films increases significantly up to 10 min of exposure time. This etching process on the PE film surfaces leads to a modification of surface morphology by increasing surface roughness, as seen in AFM micrographs for different exposure times (Fig. 8) . 
Effect of ageing
It is often observed that the properties imparted by the treatment changes with time. This phenomenon is commonly called as ageing, which takes place possibly due to surface contamination, orientation of polar groups, blooming of additives, and absorption of ubiquitous contaminants. In many applications a hydrophobic polymer is converted into a hydrophilic one by suitable treatment and when a sample is stored in air, a driving force exists to restore the original structure or at least lower the surface energy of the treated surface. As a result the high energy polar groups can be lost. It is shown that the hydrophobic recovery depends on the polymer and the type of treatment. This ageing itself can be considered as one of the steps of the treatment in the sense that influences the outcome as determined by the properties imparted to the polymer surface. Fig. 7 shows changes in the water contact angles of plasma treated PE film surfaces with treatment time and ageing. It is revealed that a major recovery can be seen in the first 5 days of ageing. The hydrophobic recovery of the sample treated for more than 10 minutes is not very much when compared with the sample treated for up to 5 minutes. Though there is an increase in contact angle because of ageing, it is clear from Fig. 7 that the contact angle value of the aged samples is still sufficiently low in comparison with the untreated one. Hence such films can be of use for further applications. Fig. 8 shows the AFM images of PE film surfaces as a function of plasma exposure time. Fig. 8(a) shows Fig.7 Ageing effect of the water contact angle on PE films before and after plasma treatment the surface of an untreated PE film surface that is relatively smooth with a characteristic lamellar arrangement of polymeric chains. After the plasma treatment, the surface roughness increases with the exposure time and this is indicative of the action of the etching process ( Fig. 8(b)∼(f) ). Finally, the surface of the plasmatreated PE films exhibited rough morphology. This change in the surface morphology is believed to result mainly from the bombardment of the surface by the energetic plasma particles.
Morphological analysis: AFM results
Furthermore, Fig. 9 shows the root-mean-squared (RMS) roughness values obtained from the AFM analysis for different exposure times. It is seen that the RMS value of the untreated PE film is 38.78 nm. After the plasma treatment, the RMS value of the PE films increases with increasing exposure time, reaching a maximum at 15 min of exposure time (52.62 nm). An increase in roughness increases the effective surface area and leads to enhancements of wettability, bonding strength, and printability [17, 18] . 
Surface composition analysis: XPS results
Fig . 10 shows the survey scan spectra of the PE film surfaces as a function of exposure time. The XPS spectrum mainly contains C1s and O1s components at 285 eV and 532 eV, respectively. After the plasma treatment, the intensity of the O1s component increases with increasing exposure time, while the components C1s decreases. In addition, we found new peaks at 400 eV, which is due to the incorporation of N1s components ( Fig. 10(b)∼(e) ). The incorporation of nitrogen is very obvious, since air is 78% nitrogen. Table 3 shows the percentage and the ratio of atomic concentration of untreated and plasma-treated PE films. It is apparent that the changes in atomic percentage are very profound after plasma treatment of PE films. The quantitative data confirm that, while the oxygen content of the PE film increases, the carbon content decreases as a function of exposure time. Meanwhile, the component N1s has increased to around 2.73%. Furthermore, the ratio of the O1s/C1s increases with the increase in the exposure time and the N1s/C1s ratio increases to around 0.034%. The above results confirm the incorporation of significant amounts of oxygen and nitrogen contents on the plasma-treated PE film surfaces.
The chemical composition and binding state of the plasma-treated PE films were compared using the curve fitting of the C1s core level spectra. Fig. 11(a) ∼(e) show the C1s high resolution spectra of the untreated and plasma-treated PE film surfaces. As shown in Fig. 11(a) , the C1s signal of the untreated PE contained two peaks at 285 eV and 286.2 eV attributed to C-H/C-C (component C1) and C-O/C-N (component C2) [19∼21] . After the plasma treatment, the intensity of component C1 decreased slightly and that of component C2 increased, which includes both C-O and C-N groups. The C1s spectra of the plasma-treated PE film's surface also shows three new peaks at 287.5, 288.36 eV and 289.23 eV due to C=O/O-C-O (component C3), O-C=O/COO (component C4) and O-CO-C (component C5) (Fig. 11(b)∼(e) ), respectively [19∼21] . Table 4 shows the quantification of each chemical component obtained from the C1s core level spectra. It shows that the component C1 decreases and the component C2 and the newly formed components (C3, C4 and C5) also increase with the increase in the exposure time. The results indicate that a large number of polar functional groups were introduced onto the PE film surfaces when treated with air plasma. This is in good agreement with contact angle and surface energy studies. gradually up to 10 min of exposure time and thereafter the increase is marginal, which may be due to an increase in oxygen-containing polar groups on the surface of the plasma treated PE film. Wettability (surface free energy), anchoring effects, diffusion, electrostatics, covalent bond, weak boundary layer, etc., have been suggested as mechanisms for the increase in adhesion. Fig. 13(a) shows the lap-shear strengths of the PE film as a function of exposure time. It is seen that the lap shear strength of the untreated PE film is 18.96 N/cm 2 , which increases up to 28.64 N/cm 2 after 10 minutes of exposure time, thereafter the increase is marginal. Fig. 13(b) reveals the adhesive (of the scotch tape) transferred on PE film during the lap-shear test as a function of exposure time. The transfer of the adhesive on the plasma-treated PE film is because of the failure of the adhesive itself, as the lap-shear joint strength is more than the adhesive strength. The adhesive transfer of the plasma-treated PE films is increased 36.5% compared with the unmodified PE films. 
Conclusion
Glow discharge plasma has been used to modify PE film surfaces. Significant morphological and chemical changes were produced by the plasma treatment. Air plasma treatment incorporates polar functional groups onto the surface of the polymeric films, causing a rise in solid surface free energy and a decrease in surface contact angle. The effect of ageing (hydrophobic recovery) was found to be more prominent for shorter treatment times. AFM micrograph results revealed an increased roughness of the plasma treated PE film surfaces due to plasma particle bombardment (etching effect). XPS analysis identified polar groups such as C-O, O=C-O, C=O and COOH on the plasma treated PE film surfaces. These chemical changes contributed to improve the hydrophilic properties of the plasma-modified polymer films. The above morphological and chemical changes are responsible for excellent surface-related properties such as auto adhesion, bonding strength, ink adhesion, etc.
